Giardiasis is the most commonly reported intestinal parasitic infection in the United States. Outbreak investigations have implicated poorly maintained private wells, and hypothesized a role for wastewater systems in giardiasis transmission. Surveillance data consistently show geographic variability in reported giardiasis incidence. We explored county-level associations between giardiasis cases, household water and sanitation (1990 census), and US Census division. Using 368,847 reported giardiasis cases (1993-2010), we mapped county-level giardiasis incidence rates, private well reliance, and septic system reliance, and assessed spatiotemporal clustering of giardiasis. We used negative binomial regression to evaluate county-level associations between giardiasis rates, region, and well and septic reliance, adjusted for demographics. Adjusted giardiasis incidence rate ratios (aIRRs) were highest (aIRR 1.3; 95% confidence interval 1.2-1.5) in counties with higher private well reliance. There was no significant association between giardiasis and septic system reliance in adjusted models. Consistent with visual geographic distributions, the aIRR of giardiasis was highest in New England (aIRR 3.3; 95% CI 2.9-3.9; reference West South Central region). Our results suggest that, in the USA, private wells are relevant to giardiasis transmission; giardiasis risk factors might vary regionally; and up-to-date, location-specific national data on water sources and sanitation methods are needed.
INTRODUCTION
Giardiasis is the most commonly reported intestinal parasitic infection in the United States, with an annual incidence, since 2002, of 7.2-8.7 per 100,000 persons (Yoder et al. ) . Northern states consistently report more cases of giardiasis than southern states (Hlavsa et al. ; Yoder & Beach ; Yoder et al. ) , with reported 2010 incidence rates (IR) ranging from 2.6 per 100,000 persons in Arizona to 29.6 in Vermont (Yoder et al. ) . The causative organism of giardiasis, Giardia intestinalis (also known as G. lamblia or G. duodenalis), is transmitted primarily through ingestion of infected human waste. This can occur in the setting of exposure to fecally contaminated food or water, and through contact with an infected person or animal (Hill & Nash ) . The incubation period of giardiasis is 1-2 weeks (Hill & Nash ) . Infection commonly results in a prolonged diarrhea associated with abdominal cramps, bloating, weight loss, and malabsorption; infection might also be asymptomatic or result in chronic diarrhea (Hill & Nash ) .
Water is an important source of Giardia transmission in the United States. Giardia was the most frequently identified pathogen in drinking water outbreaks in both public and private (e.g. private wells) water systems from 1971 -2006 . In public water systems, giardiasis outbreaks have been associated with improper, or absent, filtration of surface water and groundwater under the direct influence of surface water (Herwaldt et To our knowledge, national giardiasis data have never been analyzed in association with potential giardiasis risk factors, such as water sources and sanitation methods (Yoder et al. ) . Geospatial analyses have proved useful in assessing regional risk factors associated with giardiasis and drinking water contamination in Germany and 
METHODS

Data sources
County-level giardiasis case counts were obtained from the NNDSS, 1993-2010. These were the most recent data avail- 
Spatial and temporal clustering
SaTScan™ version 9.0 (Martin Kulldorff, Boston, MA), a spatial scan statistical software package, was used to test for spatial and spatiotemporal clusters of giardiasis within the 46 contiguous US states that report giardiasis (i.e. excluding Alaska, Hawaii, Texas, and North Carolina). We conducted a discrete Poisson model scanning for spacetime clusters with high rates of giardiasis across the entire study period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , and before and after giardiasis became officially notifiable (1993-2001 and 2002-2010) .
With this scan statistic, the 'most likely' cluster is the space-time window with the largest maximum (logarithmic) likelihood ratio (i.e. the cluster least likely to have occurred by chance alone). To evaluate whether environmental risk factors for giardiasis varied within and among clusters, we examined the distribution of private well and septic system reliance in each cluster.
Geographic distributions
We developed county-level maps to look at the geographic distribution of giardiasis IR, private well reliance, and septic system reliance.
Modeling
We developed univariable and multivariable negative binomial regression models to assess the relationship between county-level crude giardiasis IR and county-level water sources, sanitation methods, and demographics. Models with a lower BIC were preferred.
Results are presented as crude IR, unadjusted incidence rate ratios (uIRR), and adjusted incidence rate ratios (aIRR).
We conducted sensitivity analyses by excluding giardiasis cases associated with known outbreaks and cases known to be associated with travel away from the reporting state (either domestic or international travel). We also ran the final adjusted model separately in the 0-19 and 20þ age groups to assess whether the association between countylevel private well and septic system reliance and giardiasis differed by age group. Except where otherwise noted, analyses were conducted in SAS 9.3 (Statistical Analysis Software, Cary, NC).
RESULTS
Considering all years and counties in aggregate, there were 368,847 giardiasis cases in 4,003,958,833 person-years, resulting in a national crude incidence rate of 9.2 per 100,000 person-years. Crude national IRs were higher in persons aged 0-19 years (14.2 per 100,000 person-years) than in persons aged 20 (7.3 per 100,000 person-years).
Visually, counties with high age-standardized rates of giardiasis were concentrated in the northern USA, southeastern USA, and New England (Figure 1 ).
Spatial and temporal clustering
In all three analyzed time periods, our spatiotemporal clus- 
Geographic distributions
Overall, 14.8% of households were reliant on a private well and 24.1% were reliant on a septic system (these estimates include North Carolina and Texas). Visually, counties with high private well reliance were clustered in West and East North Central, Middle and South Atlantic, and New England census divisions (Figure 3(a) ). These regions of high private well reliance correspond with the locations of most of the high rate giardiasis clusters. Septic system patterns showed fewer geographic associations with giardiasis clusters, with counties with high septic system reliance concentrated in West and East South Central and South Atlantic census divisions (Figure 3(b) ).
Modeling
Giardiasis IR and incidence rate ratios, by categories of well reliance, septic reliance, year, and demographics, are shown in Table 1 . Giardiasis IRs were similar in rural and urban areas and across all levels of income and cattle density (not shown); therefore, these variables were not considered in the final multivariable model. Although several statistically significant interactions were observed, all had little or no public health significance and were ruled out by consideration of BIC or <10% differences in the magnitude of effects between strata.
Prior to adjustment, counties with higher private well reliance, lower septic system reliance, higher levels of education, and lower housing unit owner occupancy rates had the highest giardiasis IR (Table 1) . Consistent with the incidence rate maps and SaTScan clusters, the highest unadjusted giardiasis IRs were seen in New England (18.4, ) and the Middle Atlantic (12.4, CI 11.4-13.4), After multivariable adjustment for all variables shown in Table 1 , the association between septic system reliance and giardiasis lost its statistical significance (aIRR ∼ 1). The associations between giardiasis and higher private well reliance, higher levels of education, and lower owner occupancy rates, however, remained significant. Census division results remained consistent with the SaTScan clusters; the census division aIRRs had the same directionality, but lower magnitude, than the corresponding uIRRs.
Examination of standardized deviance residual plots identified several outliers; these were among the highest incidence county/year combinations in the dataset. None of these While our results suggest private wells are broadly relevant to giardiasis transmission in the USA, we were not able to fully explain regional differences in giardiasis rates.
We attempted to control for other known giardiasis risk fac- While we did observe higher giardiasis rates in younger people, in age-stratified models, the IRRs for private wells and septic system reliance did not vary meaningfully by age group. While the results of this study did not provide support to the hypothesis about greater immunity in older persons, the ecological study design might not be well-suited to address this question. To more precisely assess the impact of immunity on the epidemiology of giardiasis in the USA, serologic studies and stool surveys would be useful ( Our results also highlight the need for up-to-date, location-specific national data on household water sources and sanitation methods. Without ongoing data collection, it is difficult to accurately explain national changes in waterborne disease rate patterns and design, and implement evidence-based waterborne disease prevention programs.
More broadly, it is difficult to assess the population-level health impacts of changes in water and sanitation infrastructure, such as changes in water treatment regulations and an evolving reliance on unregulated water and sanitation systems.
